In this study, we present a microwave-based microfluidic mixer that allows rapid mixing within individual droplets efficiently. The designed microwave mixer is a coplanar design with a small footprint, which is fabricated on a glass substrate and integrated with a microfluidic chip. The mixer works essentially as a resonator that accumulates an intensive electromagnetic field into a spiral capacitive gap (around 200 μm), which provides sufficient energy to heat-up droplets that pass through the capacitive gap. This microwave actuation induces nonuniform Marangoni stresses on the interface, which results in three-dimensional motion inside the droplet and thus fast mixing. In order to evaluate the performance of the microwave mixer, droplets with highly viscous fluid, 75% (w/w) glycerol solution, were generated, half of which were seeded with fluorescent dye for imaging purposes. The relative importance of different driving forces for mixing was evaluated qualitatively using magnitude analysis, and the effect of the applied power on mixing performance was also investigated. Mixing efficiency was quantified using the mixing index, which shows as high as 97% mixing efficiency was achieved within the range of milliseconds. This work demonstrates a very unique approach of utilizing microwave technology to facilitate mixing in droplet microfluidics systems, which can potentially open up areas for biochemical synthesis applications.
I n many microfluidic applications rapid, on-demand mixing is crucial because of the need for homogenization of multiple reagents in biochemical reactions, drug discovery, and synthesis of nucleic acids, as well as dissolving enzymes and proteins in liquids where analysis take place. 1, 2 However, mixing in microfluidics is challenging due to its laminar flow nature and is often dominated by molecular diffusion. For this reason, many strategies have been reported 3−5 to enhance mixing using different methods as outlined in recent review articles. 6, 7 In general, microfluidic mixing mechanisms can be classified as active and passive methods. Active techniques utilize external forces to perturb the fluid flow, and passive techniques rely on particular microchannel designs to increase contact time or area between different reagents. 7, 8 Most passive mixing methods employ one or a combination of several of the following techniques: splitting-and-recombination, chaotic advection, serial and parallel lamination, serpentine channels, injection, and droplets. 9, 10 Although passive methods operate without the need for additional external components, they have limitations such as long mixing lengths (>a few centimeters), which may result in unmixed regions and low efficiency for mixing highly viscous fluids. 10, 11 In addition, fabrication of such mixers likely experience higher risks for failure due to their complex channel configurations. In contrast, active methods have the potential to overcome these limitations with the cost of incorporating active control components to induce external disturbance to the flow. Common active methods for microfluidic mixing include dielectrophoresis, 12, 13 electro-kinetics, 14−16 magneto-hydrodynamics, 17−20 thermal, 21, 22 pressure, 23, 24 and acoustics. 25−29 Despite the success of various active mixing methods, there are still challenges for achieving rapid mixing, usually limited by the actuation and response time of the system. 11 Effective mixing of highly viscous fluids often requires increasing the magnitude of the external source and thus power consumption. 11 Integration of active control components with a single microfluidic chip also remains a challenge as well due to relatively large system footprints.
It is well-known that rapid mixing can be achieved in droplet microfluidics because of the three-dimensional (3D) flow occurring within them. 30 However, 3D flow only occurs within each half of the droplet 31−33 if they are traveling through straight channels, and mass transfer in the transversal direction still relies on molecular diffusion as shown by the measured flow pattern in droplets using particle image velocimetry (PIV) techniques. 31 Boybay et al. 34 attempted to employ microwave heating to mix two halves of a droplet, one-half filled with fluorescent dye and the other pure water, but failed unfortunately because the symmetric double T design of the capacitive gap was not able to generate massive nonuniform temperature gradients within the droplets. As a result, the induced marangoni stresses were not strong enough to induce disturbance to the flow field and thus enhance cross-stream mixing. In addition, a passivation layer of hard polydimethylsiloxane (PDMS) was used between the heater and the working fluid, which was a few micrometers thick. Such a thick layer likely reduces heat deposition within the droplets and thus the induced temperature gradients and flow disturbance. Mixing of the reagents within the entire droplet is usually realized by pumping it through serpentine channels, 35 which induces 3D flow within the entire droplet, or by agitating it using active means such as laser or acoustic wave. With the promising potential of droplet microfluidics as enabling tools for highthroughput analysis, developing methods to achieve rapid mixing within droplets without the need for long or serpentine channels is important.
In this study, we present a microwave-based thermocapillary microfluidic mixer that enables almost instantaneous mixing, requires simple integration with microfluidic devices, and consumes less than 0.5W of power. We demonstrated its excellent performance in mixing highly viscous fluids within nanoliter-sized droplets. More importantly, this microwave mixer can also trigger and initiate reactions at the same time of mixing using the microwave energy. This work demonstrates a very unique approach of utilizing microwave sensor technology to facilitate microfluidics mixing.
■ EXPERIMENTAL SECTION
The experimental setup consists of a microfluidic chip integrated with a microwave resonator, which is the heater as well, a microwave signal generator (HMC-T2100, Hittite), a vector network analyzer (VNA) (MS2028C, Anritsu), a fluid pumping unit (Fluigent MFCS-8C), and an inverted microscope (Eclipse Ti, Nikon) equipped with a CCD camera (Qimaging). The schematic description of the integrated mixer unit is demonstrated in Figure 1 , where the microwave heater is a concentric ring structure with the outer ring excited at a desired operating frequency and provided with power through the signal generator and the inner ring resonating accordingly. The signal generator was controlled via a computer, and the VNA was used to characterize the microwave resonator. Droplets were generated using a flow focusing generator where the continuous phase is a fluorinated oil, FC-40 (Sigma-Aldrich), and the dispersed phase consists of an aqueous solution and the same solution seeded with fluorescent dye. These two liquid solutions were flowing side by side before reaching the generator and then form droplets half by half. The aqueous solution was varied from pure water to a highly viscous liquid, 75% (w/w) glycerol solution, with a viscosity of 22.7 mPas at 20°C. A Y-channel design was used to generate the side-by-side dispersed flow streams. Fluorescent dye, Thioflavin S (ThS) (Sigma-Aldrich), was used to seed one of the flow streams, and the mixing performance was evaluated using the fluorescent images obtained through the microscope and CCD camera. The acquired images were processed using ImageJ (National Institute of Health, MD, U.S.A.).
Device Fabrication. The mixing device consists of a PDMS mold with the designed microchannels for droplet generation and transport and a microwave sensor; a glass base with the microwave components. On top of the microwave sensor is a thin layer of SiO 2 , which was coated on the sensor using magnetron sputtering (AJA Orion 5) techniques. This layer was designed to prevent direct contact between the working fluids and metal-made sensor to avoid any contamination. Its thickness is around 500 nm, which is estimated using the protocol of the sputtering system. The electrical traces for the microwave components were fabricated using a combination of photolithography and electroplating.
Briefly, the positive photoresist, S1813 (Rohm-Haas), was spin-coated at 1500 rpm for 60 s onto a 50 nm thick copper film (EMF Corporation) that had been predeposited on a glass slide and then baked at 95°C for 120 s. The design was patterned into the photoresist via UV lithography and subsequently developed with MF-319 (Rohm-Haas) for 2 min. The patterned slide is then immersed in an acidic copper electroplating solution (0.2 M CuSO 4 , 0.1 M H 3 BO 3 , and 0.1 M H 2 SO 4 ) and electroplated at 2 mA for 5 min and 4 mA for 10 min. 36 After electroplating, the photoresist was removed with acetone leaving an electroplated copper film approximately 2 
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Anal. Chem. 2017, 89, 1978−1984 μm thick. Next, the base layer of predeposited copper was removed by etching with dilute ferric chloride (5%) (MG Chemicals). SiO 2 was deposited on top of it. A subminiature version A (SMA) connector (Tab Contact, Johnson Components) was then soldered to the electrodes of the microwave components to provide an external connection to the microwave signal generator. For the fabrication of microfluidic chips, SU-8 masters were fabricated on silicon wafers using the same soft-lithography technique developed previously. 37 In order to make PDMS replica molds, PDMS prepolymer was mixed at a 10:1 ratio of base to curing agent, degassed, and molded against the SU-8/ silicon master and then cured at 95°C for 2 h. The molds were then peeled off from the master, and fluidic access holes were made using a 1.5 mm biopsy punch. Both the finished microwave components and the PDMS mold were then treated with oxygen plasma at 29.7 W, 500 mTorr for 30 s. The plasma treatment process renders PDMS hydrophilic; however, for generating water in oil droplets stably, the PDMS channels need to be hydrophobic which was realized by coating Aquapel (PPG Industries) onto the channel surface.
Mixing Mechanism. The working principle of the microwave-microfluidic mixing device is shown in Figure 1 . Droplets are transported through a straight microchannel. Two symmetric counter-rotating recirculation zones are formed in each half of the droplet provided no external disturbance, which creates a barrier limiting the mixing between the two halves through diffusion. The flow topology and internal dynamics inside droplets were studied in detail elsewhere 32, 33 using μ-PIV techniques. Complete mixing could occur when these two halves are agitated in the cross-stream direction. The essential element and main trigger of the mixing, herein, is the localized microwave heater, which works as a microwave resonator fundamentally.
The resonator structure is made of two concentric copper loops similar to the one presented previously. 36, 38 Microwave signal is excited via the outer coplanar transmission line loop, which supplies a time-varying oscillating current circulating around the loop and a magnetic field passing through the loop. The inner loop with a small gap constructs the resonator and the microchannel where droplets are passing through is aligned on top of this gap perpendicularly. Microwave energy is inductively coupled to the resonator by the excitation loop, and there is no physical contact between the two loops. In this microwave structure, the electric field energy is stored within the capacitor of the resonator (the spiral region), and the magnetic field energy is stored in the inductor of the resonator (the inner loop). When there is a perturbation in the permittivity of the medium, the resonance frequency of the microwave structure shifts. For example, when a droplet with aqueous solutions enters the resonator region, it causes a shift in the operating frequency because of its different electrical properties from those of the continuous oil phase. This shift could be used to sense the droplet content and heat the droplet if power is supplied to the resonator only at the shifted frequency associated with the droplet content. After the droplet completely leaves the resonator region, the operating frequency shifts back to that associated with the oil, and no energy is received. Therefore, the microwave heating is self-triggered, remote, and selective.
The electrical field in the resonator region is threedimensionally nonuniform, as shown in Figure 2 , which is a numerical prediction using a commercial software, Ansys HFSS.
It can be seen that the spiral region has a high and intense E field, and the rest of the structure holds a very weak E field, which is negligible in comparison to the spiral. The high electric field results in concentrated dielectric heating within the droplet when it is passing through the gap region. The relationship between the deposited power within the droplet and the electrical field intensity can be described as
where ω is the angular frequency, ε 0 the permittivity of vacuum, ε′′ the imaginary part of the relative permittivity, and E the electric field intensity. For further analysis, the distribution of volume loss density inside droplet and the electric field at different magnitudes can be found in Supporting Information (SI) ( Figure S1 and Figure S2 , respectively).
The nonuniform energy distribution within droplets results in nonuniform temperature distribution which induces spatial variation in fluid properties such as density, viscosity, diffusion coefficient, and interfacial tension. The temperature-dependent fluid properties induce cross-streamflow enhancing 3D mixing within droplets. In general, when a droplet is passing through a straight channel without any external disturbance, the crossstream mixing is suppressed because the symmetries in the flow creates invariant surfaces that serve as barriers preventing crossstream mixing. 4, 39 Grigoriev et al. 4 presented a theoretical analysis on the existence of invariant surfaces inside droplets 
Article and reported that the presence of chaotic advection does not guarantee a full mixing, which requires a mechanism to destroy the symmetry (flow invariant). The microwave induced spatially nonuniform temperature distribution over the entire droplet overcomes symmetries resulting in 3D mixing. Moreover, the motion of droplet dynamically influence the electrical field which further enhances the chaotic motion and thus mixing within the droplet.
The mixing mechanism is a complex phenomenon involving the understanding of nonuniform electrical field, nonuniform energy distribution within droplets, and their strong dynamic coupling, which is beyond the scope of this study. In order to shed light on the mixing mechanism, magnitude analysis on the influencing parameters is performed using the Buckingham Pi theorem. 40−42 Mixing index (MI), which indicates the mixing efficiency is influenced by both the fluid properties and operating conditions, can generally be described as 37 where droplets are filled almost the entire cross-section of the channel leaving a very thin film (∼2% of channel width) of the continuous phase between the droplets and channel walls. Therefore, the droplet width and height are also representing the channel width and height. Detailed derivations of the dimensionless groups can be found in SI-S3. Briefly, by choosing the viscosity, diffusion coefficient and droplet width as the repeating parameters to nondimensionalize the rest of the parameters, the dimensionless mixing index can be described as 43 which could increase to 2.06 × 10 −10 [m 2 /s] when temperature is increased to 87°C. For the power used in this study ranging from 24−27 dbm (0.25 to 0.50 W), the measured temperature change above room temperature of 22°C ranged from 47 to 65°C (please see SI, Figure S4 ) which results in the highest temperature of 87°C. Based on this temperature range, the Sc number which indicates the competition between viscous and mass diffusivity ranged from 7.93 × 10 5 to 1.49 × 10 4 meaning that viscous diffusivity is more important. Similarly, the Pe number which indicates the competition between convection and mass diffusion ranged from 2196 to 251 suggesting that convection is more dominant than mass diffusion, and the Lewis number that indicates the relative importance between thermal and mass diffusion ranged from 3805 to 358 suggesting that thermal diffusion is dominant over mass diffusion. Comparing these three numbers, viscous diffusion is relatively more dominant than the others. By examining the dimensionless interfacial tension which indicates the competition between interfacial tension and viscous and thermal diffusivities, it is found that it varies from almost zero when no heating to ∼4500 with the maximum heating. It suggests when temperature increases, interfacial tension force is mainly dominant over all the other driving forces. The thermally induced interfacial tension gradient results in a strong Marangoni (thermocapillary) effect over the droplet interface that causes the interface to be torn in a massive, 3D manner. 3, 44 As a result, 3D flow is induced within the droplet which leads to almost instantaneous mixing as shown in Figure  3 .
■ RESULTS AND DISCUSSION
To demonstrate the mixing efficiency of the microwave-based microfluidic mixer, droplets with half doped with ThS dye are generated in a straight microchannel, where the channel width and height are fixed to be 200 um and 50 um, respectively. As illustrated in Figure 1 , a combination of Y-channel and flow focusing design was used to form the droplets where the two fluid inlets from the Y-channel form the dispersed phase and a perpendicular oil stream serving as the continuous phase pinches off droplets. In the experiments, fluids were pumped through a pressure system. As mentioned earlier, most active Microwave heating initiates mixing between the two halves and agitates flow pattern inside the droplet, which helps stirring the two halves of the droplet.
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Anal. Chem. 2017, 89, 1978−1984 mixing methods are based on hydrodynamic disturbance of flow which is not very effective for mixing highly viscous fluids such as the situation considered in this study. 46, 10 In order to demonstrate its mixing performance, both pure water and highly viscous 75% (w/w) glycerol solutions were used as the continuous phase. Figure 3 shows the mixing of droplets with the glycerol solution when they are passing by the microwave resonator at different time lapses under the on/off scenarios of the microwave resonator. Cross-stream mixing between the two halves of droplets is negligible when the microwave resonator is off while mixing is almost instantaneous when the microwave resonator is on. Microwave assisted mixing for pure water and pure water seeded with ThS dye is more efficient due to its low viscosity as shown in Figure S6 in SI.
As discussed by Muradoglu and Stone, 2 and Wiggins and Ottino, 45 the required condition to produce chaotic advection is to have time-dependent cross-streamflow motion. As seen in Figure 3 , while the droplet enters the resonator region and starts receiving energy, the dye in the front region is pulled cross the flow stream toward the upper half of the droplet by following the resonator shape. This stirring phenomena should occur in the height direction as well as suggested by the nonuniform electrical field in this direction shown in Figure 2 . It is also noted that while mixing is happening in the front region, the back of the droplet is almost unaffected since it is not being heated yet. As droplet keeps sweeping through the resonator region, the time-varying Marangoni effect induces 3D motion over the entire droplets resulting in chaotic mixing. A video showing the microwave agitation event with the comparison of the resonator being on and off can be found in SI (video S1). Quantitative analysis of mixing was also done by measuring the fluorescent intensity profiles of the images. In Figure 4 , the intensity profiles across the droplet width before and after mixing are denoted. The image showing complete mixing is taken from the third droplet in Figure 3 . It is clearly seen that the fluorescent intensity is relatively homogeneous across the entire droplet width.
It should be noted that rapid mixing is difficult to obtain in microfluidics, which could take a significantly longer time than the microwave-assisted mixer presented here. For example, the mixing time driven by pure diffusion can be estimated by t D ≈ l 2 /D, where t D is the time elapsed since diffusion starts, l the characteristic length which could be considered as the channel width in this study as diffusion occurs between two halves of the droplets that are aligned side-by-side in the width direction, and D the diffusion coefficient of the fluorescent dye, ThS. Then the time scale to reach full mixing is estimated as 1762 s considering l = 200 μm and D = 2.27 × 10 −11 m 2 /s, which is 3 orders of magnitude longer than the mixing time achieved here (i.e., less than 1 s). Although mixing occurs almost instantaneously when a droplet enters the resonator region, thorough mixing is achieved after the droplet travels a few hundred micrometers away from the resonator, as shown in Figure 3 . When temperature increases, which can be achieved by increasing the input power to the resonator, the Marangoni effect is stronger and should result in faster mixing. In other words, thorough mixing could occur within a shorter distance when the input power is higher. In order to quantitatively investigate the effect of the input power on mixing, mixing index is calculated on the basis of the following equation: 1 = − ∑ − n I I
where I i is the fluorescent intensity of each point, I av the average intensity, and n the total number of the pixels. An in-house written Matlab code was used to calculate the mixing index by scanning the fluorescent intensity values over the entire droplet. The mesh of the droplet can be found in SI ( Figure S5 ). Figure  5 shows the effect of the input power on the mixing index for 75% glycerol solution at the operating frequency of 1.91 GHz, where x-axis is the distance that the droplet traveled after entering the resonator region (the edge of the resonator is marked as x = 0 in Figure 1 ), which is scaled by the droplet width for ease of comparison. For this particular case, the resonator is 200 μm long, which is reflected by L dis * = 0−1 in Figure 5 . It can be seen that the mixing index increases with the input power for the same distance that the droplet traveled. In this work, with the assistance of fluorescent imaging, a mixing index of 0.8 can be used as a threshold for acceptable mixing though an excellent and thorough mixing is represented by a mixing index of 0.97, which was achieved after the droplet traveled about two droplet widths when the input power is as high as 27 dBm (0.5W). It takes a droplet to travel more than three droplet widths to achieve a mixing index of 0.47 when the input power is reduced to 24 dBm (0.25W). It is also noted 
Article that when the input power is above 26 dBm, no significant benefits by further increasing the input power.
Considering the dominant role of the Marangoni effect in microwave mixing, it is beneficial to obtain a correlation between the mixing index and dimensionless interfacial tension, which could be used for design guidance. Figure 6 shows that the mixing index increases with the dimensionless interfacial tension which is expected as the higher influence from the interfacial tension, the faster and stronger mixing. A qualitatively critical interfacial tension is observed, γ* = 3500, at which the mixing reaches 90%. We obtained an experimental correlation as below, 
To further examine our microwave-based microfluidic mixer, mixing within larger droplets (meaning longer droplets as they are confined by the channel width) was also studied. Figure S7 shows effective mixing occurring within droplets of 750 μm long.
■ CONCLUSIONS
In this study, we demonstrated the mixing capability of a microwave integrated with droplet-based microfluidic devices as a proof-of-concept. In order to shed light on the complex mixing mechanism of a microwave, magnitude analysis of competing forces was performed using the Bukingham Pi theorem. The quantitative evaluation of the mixing index and the effect of the input power and droplet length on the mixing index were also investigated. The mixing platform demonstrated here is simple to integrate with microfluidics, easy to operate, and provides great potential for mixing in many lab-ona-chip applications that requires rapid and effective mixing. This new mixer may open a new window for mixing biochemical assays on demand. Our mixer can trigger and initiate reactions at the same time of mixing phenomena happening using the microwave energy, while many other mixers can do the mixing function only. This unique approach of utilizing microwave sensor technology to facilitate microfluidics mixing is expected to find wide applications in the field of biochemical synthesis and click-chemistry.
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